The effects of prolonged fertilizer use and crop rotation on microbial biomass and activity and nitrogen content in a clay soil in Southern Finland were investigated.
Introduction
One of the important cropping systems in modern farming is monoculture cultivation coupled with the abundant application of fertilizers. With the decreased use of organic waste materials it has been suggested that such a cultivation method may be detrimental to soil biological activity (PERSSON 1978) . The possibility of monoculture cultivation or fertilizer application leading to a reduction in microbial activity has been studied in extended monoculture trials (MULLER et al. 1979) . Microorganisms are essential to soil fertility as the chief agents in the decomposition of plant materials and nutrient recycling, and they can also transform nutrients added through fertilizers.
The inorganic nitrogen level of cultivated soil is generally low in spring. After fertilizer application, nitrate and ammonium nitrogen levels increase appreciably, but decrease rapidly again owing to nitrogen uptake by plants, microbial activity and abiotic factors. If a clover-grass ley is included in the crop rotation, nitrogen mineralizes from the decomposing ley residues during the course of the growing season. In particular, after a clover ley, crop yield is somewhat higher than in monoculture cultivation. This is thought mainly to be due to an improved nitrogen condition, a residual effect of the ley.
Numerous investigations have shown that NPK fertilization increases the microbial activity and biomass of cultivated soil. Its effect is usually of the order of a few ten per cent compared with the unfertilized control (ABD-EL-MALEK et al. 1976 , MULLER et al. 1979 , EILAND 1980 . Correlations between the soil microbial condition and fertility have been sought in an effort to devise tests through which soil fertility could be assessed. Vastly different results have been obtained in such trials because the test conditions, cultivation methods and crops employed, as well as soil and climate, have varied (JÄGGI 1974 , ABD-EL-MALEK et al. 1976 , VERSTRAETE & VOETS 1977 .
In the present investigation, the effects of extended fertilizer use and crop rotation on microbial activity and biomass and nitrogen content in the soil were studied. Fertilizer levels corresponding to those in normal use, and a fertilizer level exceeding the recommended, were employed. The effects of fertilization and crop rotation were studied under similar conditions from both chemical and microbiological standpoints.
Materials and methods
A fertilizer and crop rotation trial on the Kemira Oy experimental farm at Vihti, in Southern Finland, was studied between 1979 and 1981. The trial, established in 1966, comprised a spring wheat monoculture and a crop rotation of clover-timothy ley and spring wheat. The experimental field was under clover-timothy ley during 1967-68, 1972-73 and 1977-78. 1979-81 spring wheat was grown on the whole trial area.
After 1976 fertilizer levels were 0, 400, 800 and 1200 kg/ha NPK, in 1976 and before they were 0, 300, 600 and 1200 kg/ha. The nutrient content of the fertilizers had varied during the experiment: in 1967 -70 NPK (15-9-12) was used, in 1971 -72 NPK (15-11-8), in 1973 -75 NPK (15-7-12), in 1976 -79 NPK (15-9-12), in 1980 . In 1970 6600 kg/ha lime was used as well.
Composition of the plough layer according to particle size composition was as follows: sand 1 %, fine sand 2 %, finer fine sand 10 %, silt 32 % and clay 35 %. The soil pH CaCi, was 4.9-5.2. The organic matter content in different plots varied between 4.9 and 8.8 %. In regard to total nitrogen, the field was homogeneous (0.3 %).
Grain yield and the protein content had been monitored throughout the trial. Soil calcium, potassium and phosphorus contents were measured in 1966 The calcium content increased as a result of the liming in 1970, but differences in the trial plots were slight. There was less potassium in the rotation than in the monoculture, which received recycled potassium from ploughed-under straw. Potassium contents increased to some extent at the highest fertilization levels. The phosphorus content decreased during the trial Fig. 1 . Nitrogen uptake by spring wheat and nitrogen added through fertilizers in kg/ha on average over the years 1966-81. in unfertilized plots and plots treated with 400 kg/ha, and increased in maximally fertilized plots.
The amounts of nitrogen added through fertilizer and utilized by the crop are presented in Fig. 1 . The values are averages taken over the entire period of the trial, 1966-81. Only those years have been included during which the entire field was under spring wheat. In unfertilized plots, the nitrogen requirement of the crop was obtained almost completely from the nitrogen store of the soil. The same was partly true at a fertilizer level of 400 kg/ha, especially in the rotation. The amount of fertilizer nitrogen exceeded the nitrogen requirement of the crop at the two highest fertilization levels. Nitrogen uptake by the wheat, depending on the level of fertilization, was 14-94 % greater in the rotation than in the monoculture. The average grain yield over the period 1966-81 was as follows (kg/ha): Together the nutrient analyses of the soil and crop yields show the phosphorus and nitrogen contents of unfertilized plots to have decreased during the trial. The 30-60 nitrogen kilo removal per hectare per year did not affect the total soil nitrogen at the two lowest levels of fertilization. Nor did the 70-80 kg/ha of nitrogen exceeding the crop requirement at the highest level of fertilization have an effect on the total nitrogen content. On the other hand, potassium and phosphorus both accumulated in the soil at the highest fertilization level.
Soil samples
During the period 1979-81 a set of samples was taken with a soil corer from a depth of 0-20 cm on each plot. The samples of each set were then combined. For chemical analyses, the soil was air-dried. For microbiological analyses, part of the fresh combined sample was packed in plastic bags and stored at +4°C. Samples were taken 9 times in 1979, 7 times in 1980 and 6 times in 1981. The first samples of the growing season were taken before combined-drilling, the last samples immediately after harvesting.
Chemical analyses
Organic carbon was determined by the wet combustion method (ALTKN et al. 1935 ).
Nitrate and ammonium nitrogen were determined from a calcium sulphate extract (20 ml soil and 100 ml saturated CaS0 4 solution) with nitrate and ammonium specific electrodes.
Mobilizable nitrogen was determined by incubating moist soil (40 ml soil and 10 ml water) for 14 d at +2o°C. Nitrate and ammonium contents were measured with specific electrodes. The significance of differences in nitrogen contents was tested by Duncan's Test (STEEL & TORRIE 1960).
Microbiological analyses
The amount of microbial ATP (adenosine triphosphate) was determined with a Lumac Celltester M 1080 luminescence photometer (ANON. 1979) .
The evolution of carbon dioxide was determined in the field by the method of WITKAMP (1966) every two weeks.
Dehydrogenase activity was determined by the method of THALMANN (1968), except that 94 % ethanol was used instead of acetone and carbon tetrachloride.
Straw and cellulose decomposition: 2 g of air dry wheat straw or a strip of bleached sulphite cellulose was enclosed in a nylon bag. Ten bags containing straw and ten containing cellulose were buried in the plough layer of each plot for the lenght of the growing season. The loss in weight was determined.
The total bacteria were determined on soil extract agar (TAYLOR 1951) and fluorescent pseudomonads on selective agar (SIMON et al. 1973 ). All microbiological determinations were made within three days of sampling.
ATP content, dehydrogenase activity and bacterial numbers were calculated per gramme of dry soil, carbon dioxide evolution as mmol/m 2 /h, and straw and cellulose decomposition as the proportion of decayed material relative to the original material. The significance of differences was tested using analysis of variance.
Results

Chemical analyses
Amounts of nitrate nitrogen and ammonium nitrogen in the plough layer The nitrate and ammonium nitrogen contents of the plough layer were determined in 1979-80. The results are presented in Fig. 2 as totalled nitrate and ammonium nitrogen. The nitrogen contents were lowest in the spring before fertilization and in the autumn after harvesting, and not appreciably different at these two times. In unfertilized plots, inorganic nitrogen content remained low throughout the growing season, though a slight increase was detected in June-July. In fertilized plots in 1979, two peaks were observed in the nitrogen content: the first immediately subsequent to fertilization and the other towards the end of June and beginning of July. In 1980, when samples were not taken as often as in the previous year, only a post-fertilization peak was detected.
Differences between trial plots were most pronounced at the beginning of the summer, when inorganic nitrogen present in the soil was at a maximum. The differences levelled out in the course of the growing season, and towards the end of July and beginning of August only the nitrate content at the highest level of fertilization differed from the rest. The content of ammonium nitrogen was consistently smaller than that of nitrate nitrogen, and levelled out more rapidly than did the nitrate. The analyzed nitrogen contents were approximately the same in the monoculture and the rotation.
Soil mobilizable nitrogen
Nitrogen mobilization was determined from samples taken in 1980 before fertilization. The accompanying values have been obtained by subtracting the nitrogen originally present in inorganic form from the inorganic nitrogen content obtained after incubation, the results being given as kg/ha in the plough layer. Values that have the same letter as an upper index are not significantly different at p = 0.05. 28.6 bc 32.0 ibc Differences between the different fertilization levels were slight. However, it is of interest that in the unfertilized plots with rotated crops, nitrogen mobilized most vigorously, and in unfertilized plots under monoculture least actively.
Organic matter content Figure 3 shows the percentage content of organic matter in a plot simulating the experimental field. Organic matter in the first replicate of the monoculture exceeded that in the second by several per cent. Since the same phenomenon had been observed previously during the trial, it seems likely that the differences were present in the soil before the trial commenced. The effect of the cultivation methods on organic matter content was therefore not assessed.
Microbiological analyses
The results of microbiological determinations are presented in Tables 1 and 2 as averages for each growing season. The ATP contents and rates of carbon dioxide evolution measured during one growing season differed by a factor of 5 in some cases, depending on the time of year samples were taken. Similarly dehydrogenase activities differed by as much as a factor of 3 and total bacterial counts by a factor of 10. The amount of fluorescent pseudomonads ranged between 10 4 and 10 6 CPU (colony forming unit) per gramme of soil. 
ATP content
Fertilizer application increased the ATP content to some extent up to an application level of 800 kg/ha in both the monoculture and the rotation. Exceptionally, in 1980 the highest ATP content in the rotation was obtained at the fertilization level of 1200 kg/ha (Table 1) . Since ATP contents were appreciably higher in 1980 than in other years, the ATP contents were converted into relative values (the ATP content of the unfertilized plot in the monoculture = 100). Expressed as relative values, the effect of fertilization was approximately the same each year. Statistically significant differences were not observed between fertilization levels or cultivation methods. However, the ATP content was somewhat, though not significantly, greater in the rotation than in the monoculture.
Evolution of carbon dioxide
The effect of fertilization on carbon dioxide release was basically the same as its effect on ATP content: maximum carbon dioxide was evolved at the fertilization level of 800 kg/ha (Table 2 ). More carbon dioxide was released in the rotation than in the monoculture, and in 1980 the difference was statistically significant at p=0.05. The rates of evolution measured in 1981 were reduced by a high level of rainfall which made the soil anaerobic.
Dehydrogenase activity
Dehyrogenase activities were clearly higher in the rotation than in the monoculture on unfertilized plots, and the difference was highly significant (p=0.01). The activities were lowest at the highest fertilization level in the rotation, and the difference between unfertilized plots and plots treated with 1979 1980 1981 1979 1980 1981 1979 (1980) 11.38**(0kg/ha; 8.28' 12.37**(rotat.) 53.37' = differences significant at p=0.05, 0.01,0.001, respectively, DH activity = dehydrogenase activity, the highest fertilization rate was highly significant (p=0.01) ( Table 2 ). The annual differences in dehydrogenase activities were small: the activity was lower in 1980 but it was determined only twice during the growing season.
Decomposition of straw and cellulose
Fertilization promoted straw decomposition appreciably up to a fertilization level of 1200 kg/ha. There was no striking difference between the monoculture and the rotated crops (Table 2) . At fertilization levels 800 and 1200 kg/ha, the effect of fertilization was statistically highly significant (p=0.001). Average decomposition percentages differed to some extent in different years, partly because the lenght of the trial period varied.
The decomposition of cellulose was studied only in 1979. The results differed from the foregoing in that there was a significant difference in favour of the rotation (p=0.05). In crop rotation, cellulose decomposition was slower on fertilized plots than on unfertilized plots (Table 2) .
Total bacteria and fluorescent pseudomonads
Bacterial counts were made only in 1980. Fertilization had no effect on total numbers in either cultivation. Fertilization increased the counts of fluorescent pseudomonads appreciably in the monoculture right up to the highest fertilization level. In the rotation the increase was smaller (Table 2) .
Correlation between microbiological test results
Correlations between the methods were calculated using the averages over the growing season for each plot. With the exception of the correlation between ATP content and carbon dioxide evolution, the results of the microbiological determinations were not significantly correlated with each other (Table 3) . 
Discussion
The effect of fertilization on the soil nitrogen level in the plough layer was apparent a few weeks after fertilizer application. During this time plants took up a large proportion of the nitrogen they used over the whole growing season. Mineral nitrogen content was very low in the spring before fertilization and, with the exception of the highest fertilization level in the rotation, fell to spring level before autumn. There was no difference between monoculture cultivation and rotation in this respect. Since the total amounts of nitrogen (0.3 %) did not differ appreciably, it appears that neither nitrogen fertilizer application nor the clover-timothy ley had a long-term effect on nitrogen content in the soil in question.
Average grain yields over the entire trial period were, however, better for the rotation than the monoculture. The maximum yield in the rotation was obtained at a fertilization level of 800 kg/ha and in the monoculture at a level of 1200 kg/ha. The favourable effect of crop rotation on yields was most obvious during the first year after the ley in unfertilized plots. The nitrogen uptake was also greater in the rotation than in the monoculture, indicating that the ley had improved the soil nitrogen condition. The less the fertilizer applied the more clover there was in the ley. While the nitrogen content of the soil may vary according to the proportion of legumes in the ley (CLEMENT 1961) , the cultivation of legumes does not necessarily increase nitrogen content, although it always results in activation of the soil nitrogen (LYON 1930) . In this study the amount of nitrogen released from decomposing clover-timothy ley was sufficient to increase the yield, but not large enough to affect the total nitrogen content of the soil. However, even during the second year after the ley, almost twice as much nitrogen mineralized in unfertilized plots compared with unfertilized plots of the monoculture. The amounts were the same order of magnitude as the amounts by which a clover ley increases the uptake of nitrogen by a grain crop, according to TEITTINEN (1965) and RAININKO (1968) . KAILA (1952) also holds that red clover increases the amount of activated nitrogen, and that the effect is still apparent the second year after the clover ley.
Both the above-average yield and higher microbial activities indicate that the amount of actively mineralizing nutrients was greater in the rotation. In part this is because nitrogen-rich clover residues decompose more easily and the root biomass of clover-grass leys is greater than that of cereal crops. Thus, at the lowest levels of fertilization in the rotation, both biological nitrogen fixation and the hastening of decomposition improved the soil nitrogen conditon.
The proportion of clover in the ley also explains the higher dehydrogenase activities in the rotation at the lowest fertilization levels. Vegetation (plant residues) has been shown to have a clear effect on soil enzymatic activity (PANCHOLY & RICE 1973) . In short-term laboratory experiments it has been found that clover residues noticeably increase dehydrogenase activity (ABDEL-GHAFFAR et al. 1977) . Dehydrogenase activity, which is considered to reflect the total microbiological activity of the soil, remained at a high level in the rotation at the lowest fertilization levels during the entire three-year period. At a fertilization level of 1200kg/ha in the rotation, when the amount of clover was less, activities were significantly lower during the same period. Dehydrogenase activity is known to be more susceptible to environmental variations than is microbial biomass (SMITH and PUGH 1979) . Possibly at the highest fertilization level in the rotation it was affected by the slightly lowered pH value of the plots in question.
From several measurements made in the growing season, carbon dioxide was calculated to evolve at an average rate of 4.7 mmol/m 2 /h in the monoculture and 5.4 mmol/m 2 /h in the rotation. The rates are of the same order of magnitude as those calculated for a fertilized ley trial lasting several years (KUBICKA 1978) . The correlation between the ATP content and evolution of carbon dioxide was highly significant. Although the amount of ATP is regarded as a measure of the microbial biomass, the correlation with test results measuring microbial activity indicates that in this case the amount of ATP reflects the active microbial biomass. Similar results have been obtained from forest soils (EILAND 1979). Fertilization had a marked effect on the yield and much smaller effect on the microbiological results. Comparable results have been obtained in many long-term NPK fertilizer trials. Likewise microbial activity has not been found to vary significantly with level of fertilization (ABD-EL-MALEK et al. 1976 , MULLER et al. 1979 , EILAND 1980 . In cultivated soil, microbial activity is not limited by a deficiency of nutrients, but a lack of energy (available carbon substrates) (PERSON 1978) . Fertilization increases the amount of plant debris and root secretions. These could most probably be of greater significance to microbes in the monoculture, where easily-decomposing organic material is less, than to microbes in the rotation. The effect of fertilization on cellulose decomposition and fluorescent pseudomonads is to be interpreted in this way: in the monoculture fertilizer applications appreciably increased the number of fluorescent pseudomonads and accelerated cellulose decomposition, but in the rotation, fertilization affected pseudomonads only a little and cellulose decomposition in fact slowed down. On the other hand, there was no difference between the two cropping systems in straw decomposition. The ploughing in of straw introduces a population that decomposes the straw if there is sufficient nitrogen available. The population does not appear to decline during the twoyear clover-timothy ley period. VERSTRAETE and VOETS (1977) suggested on the basis of a long-term trial that, although no single characteristic examined reveals significant differences between the soil management practices, the total group of characteristics (enzyme activities, microbial counts etc.) clearly does. The present investigation also suggests certain characteristic features associated with fertilization and crop rotation: NPK fertilization has no more than a temporary effect on the soil nitrogen content, and the effect on micro-organisms is small. Crop rotation creates better conditions for microorganisms than does monoculture cultivation, by introducing easily-decomposing plant materials to the soil. These in turn, through the mediation of microbial activity, may have an effect on the yield. Lannoituksella ja kasvinvuorottelulla ei ollut pysyvää vaikutusta maan mineraalitypen määrään, sillä keväisin ennen lannoitusta todettu alhainen taso saavutettiin syksyyn mennessä sekä monokulttuurissa että vuoroviljelyssä lannoitustasosta riippumatta. Nurmen edullinen jälkivaikutus oli kuitenkin ilmeinen, sillä keskisato koko kokeen ajalta oli vuoroviljelyssä parempi. Vielä toisena vuonna nurmen jälkeen vuoroviljelyssä mobilisoitu! lannoittamattomilla ruuduilla lähes kaksinkertainen määrä typpeä monokulttuuriin verrattuna: 36.8 kg/ha vuoroviljelyssä ja 21.0 kg/ha monokulttuurissa.
Lannoitus lisäsi jonkin verran mikrobien määrää ja aktiivisuutta. Oljen hajoaminen tehostui ylimmälle lannoitustasolle saakka ja oli yhtä nopeaa monokulttuurissa ja vuoroviljelyssä. Eri lannoitustasoilla (0, 400, 800 ja 1200kg/ha NPK) oljesta hajosi kasvukauden aikana monokultturissa keskimäärin 24, 29, 34 ja 38 % ja vastaavasti 25, 28, 32 ja 37 % vuoroviljelyssä. Hiilidioksidia vapautui kasvukausina 1979-81 lannoittamattomilla ruuduilla keskimäärin 4.3 mmol/m 2 /h monokulttuurissa ja 4.9 mmol/m 2 /h vuoroviljelyssä, lannoitustasolla 400 kg/ha vastaavasti 4.7 ja 5.3 mmol/m 2 /h. Ylimmillä lannoitustasoillahiilidioksidia vapautui monokulttuurissa 5.0 mmol/m 2 /h ja vuoroviljelyssä 5.8 mmol/m 2 /h. ATP:n määrä ja dehydrogenaasiaktiivisuus olivat suurimmillaan lannoitustasoilla 400 ja 800 kg/ha ja vuoroviljelyssä jonkin verran suuremmat kuin monokulttuurissa. Lannoituksen ja kasvinvuorottelun biologista aktiivisuutta lisäävä vaikutus oli parhaimmillaankin vain joitakin kymmeniä prosentteja. Tässä kokeessa kasvien kannalta edulliset olosuhteet suosivat myös maan mikrobitoimintaa.
